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A B S T R A C T
Generator loss of excitation (LOE) protection is a principal protection of power system which operate
based on impedance measurement. This relay calculates impedance by measuring voltage and current
at the generator terminal. On the other hand, the presence of uniﬁed power ﬂow controller (UPFC) in
transmission lines changes measured voltage and current signals during loss of excitation. In this paper,
the impact of UPFC on the performance of LOE protection has been analytically investigated. After-
wards, using modeling results, it has been attained that the presence of UPFC leads to the drastic delay
on the performance of LOE relay. This delay results to the overloading and damaging of armature winding
of generator. It is also shown that in partial LOE presence of UPFC causes under-reach of the relay. Finally,
the phasor measurement units (PMUs) based method has been proposed to reduce the effect of UPFC
on the LOE protection. The results indicate that using this new method, the delay of LOE relay has been
reduced. In the surveys conducted, various conditions of the power system have been considered.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
The presence of FACTS controllers in transmission lines despite
all their advantages due to fast response leads to protective relays
mal operation. One of the protective methods is impedance mea-
surement which is the basis of mho relays. These relays are used
in transmission lines protection as distance relay and in synchro-
nous generator loss of excitation protection as LOE relay.Mho relays
calculate the impedance by measuring the currents and voltages
signals of their installation location. Nowadays, for protecting syn-
chronous generator excitation system, negative offsetmho distance
relay is used which is connected to the terminal of synchronous gen-
erator. This relay calculates the impedance using measured values
by the current–transformer (CT) and the voltage–transformer (VT)
connected to the generator terminal.
With steady increase of consumption and load in power systems,
FACTS devices technology has been considered to overcome this
problem. There are various FACTS devices for different applica-
tions categorized as series, shunt and series–shunt to the power
system. Since these FACTS devices change the voltage and current
of the power system, they disturb the performance of protective
relays which are continuously measuring voltages and currents in
power system. In general, researches can be put under three distinct
categories. The ﬁrst category consists of researches which investi-
gate the effect of series FACTS devices (such as thyristor controlled
series capacitor (TCSC) and static synchronous series compensa-
tor (SSSC)) on the performance of transmission line distance relay.
In References 1 and 2, the effect of TCSC on transmission line pro-
tection has been investigated, which considered the transmission
line relay as the distance relay. Regarding the results of investiga-
tions presented in Reference 1, it is shown that the effect of TCSC
on the performance of relay depends on the TCSC mode. Investi-
gations in Reference 3 also show the effect of SSSC on the trip
characteristics of the distance relay. This paper delineates that the
zero sequence of injected voltage by SSSC divides trip characteris-
tics of relay into two distinct parts.
The second group contains researches which tackle the effect of
shunt–FACTS devices (such as static synchronous compensator
(STATCOM) and Static VAR Compensator (SVC)) on the performance
of distance relay. The effect of STATCOM on the calculated imped-
ance bymho impedance distance relay has been shown in Reference
4. In this paper, steady state model is used for STATCOM and results
show that the presence of STATCOM in fault loop causes the relay to
beunder-reached. Investigations inReferenecs 5 and6 showtheeffect
of SVC and STATCOMon the calculated impedance by distance relay.
The third group consists of researches which investigate the effect
of series–shunt FACTS devices on the performance of distance relay.
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The effect of UPFC on the distance protection is shown in Refer-
ence 7. Research results show that series part of UPFC (or SSSC) has
more effects on the calculated impedance by relay rather than the
shunt part (or STATCOM). The effect of Generalized Interline Power–
Flow Controller (GIPFC) in different operationmodes on the distance
protection for transmission line is shown in Reference 8. Also, the
work in Reference 9 presents the effect of TCSC and UPFC on the
trip characteristics of distance relay; the studies include themethods
for modifying disturbed protective zones.
All in all, the researches show that the presence of FACTS devices
disturbs the distance protection of transmission line. Since the pur-
poses of aforementioned researches were to investigate the effects
of FACTS devices on the distance protection, a voltage source was
used instead of a generator model. In other words, synchronous gen-
erator and its protections were not considered.
Another set of papers deal with the effects of FACTS controllers
on the synchronous generator LOE relay. In References 10 and 11,
effects of shunt–FACTS on the loss of excitation (LOE) protection of
synchronousgenerator are investigated.Results of investigations show
that the presence of shunt–FACTS controllers impedes the decline
of the voltage of the generator and consequently causes a substan-
tial delay in the relay operation. Also, in the presence of shunt–
FACTS controllers and partial LOE, the LOE relay cannot detect partial
LOEs. In Reference 12, the effects of ﬁxed series capacitors (FSCs)
on the LOE protection of synchronous generator have been studied.
Simulations results of Reference 12 have also shown that the pres-
ence of FSCs causes a delay in the operation of LOE relay. This delay
increases by increasing the percentage of compensation. The in-
vestigations in Reference 13 show that the STATCOMdoes not affect
the LOE protection too much when the LOE-FVNSC is used instead
of impedance relay. Investigations in Reference 14 show the GIPFC
effects on LOE relays. The impedance relay and the relay sensitive
to reactive power are investigated in Reference 14. The results of
that study showthat theGIPFC changes the active and reactivepowers
in the system and affects the LOE relay operation.
This paper investigates the impact of UPFC on the generator LOE
protection. The 48-pulse converter is used in UPFC modeling. In this
study, the negative offset mho distance relay is implemented. Also,
the different operational mode of power system and UPFC are con-
sidered. Complete models of 48-pulse converters are used in the
studies, and limiters (used in practice) are also considered in their
control circuits. It is shown that when LOE occurs, the generator
output voltage gradually decreases. Although the FACTS devices curb
the decrease of generator output voltage by injecting reactive power,
they cause a delay in the operation of LOE relay or even lead to
under-reaching of the relay under the worst condition, which is very
dangerous for the generator. Finally, a few methods are presented
to mitigate this detrimental delay in the operation of LOE relay in
the presence of UPFC. All the detailed simulations are carried out
in the MATLAB/Simulink environment using the SimPowerSystems
toolbox. This paper is organized as follows: Section 2 deals with LOE
relay. In section 3, LOE relay is modeled. Section 4 presents mod-
eling of the series/shunt converters used in the simulations. Impact
of shunt–FACTS devices on LOE protection is shown in section 5.
Finally, a few methods are presented to mitigate this detrimental
delay in the operation of LOE relay in section 6.
2. Loss of excitation (LOE) relay
Loss of excitation in synchronous generator means that ﬁeld
winding is either short or open circuited (completely or partially).
When a synchronous generator loses its ﬁeld winding, it acts like
an asynchronous generator which works with speed higher than
synchronous speed. Under these circumstances, the generator re-
ceives reactive power from the power systemwhich can dramatically
reduce the system voltage. If this condition continues, the generator
will be damaged due to the heating at the rotor and stator.
Armature current may even reach two or threefold larger than the
nominal value, so that a separate relay is considered for synchro-
nous generator LOE protection to prevent the damages to the
generator. The relay used to detect LOE is a kind of impedance relay
which is located in the generator terminal. To investigate how the
relay operates, the system shown in Fig. 1(a) is considered. In this
system, the CT and the VT of the relay are located in the generator
terminal and the therein equivalent circuit of the power system is
on the right side of bus–P. In the system shown in Fig. 1(a), one can
write:
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The voltage of relay emplacement is as follows:
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In this case, the measured impedance by LOE relay will be as
follows:
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When LOE occurred or the generator lost its internal voltage, the
EG diminishes to become zero; therefore, in Equation (3), q gradu-
ally goes to ∞. Replacing q = ∞ in Equation (8), then ZR = −ZG. In other
words, it shows that after LOE and reducing the amount of EG to
zero (this reduction is not conducted instantly and regarding to ge-
nerator’s outputs, the time is different), the amount of calculated
impedance by relay equals to −ZG. According to this fact, the pro-
tection area related to LOE relay is considered in negative part of
R–X diagram. This area is shown in Fig. 1(b). This ﬁgure shows the
relay operation zones according to References 15, 16, and 17. These
zones contain two circles. The diameter of Zone 2 is Xd and the Zone
1 has a 1.0 p.u. (generator base) diameter. Both zones have a neg-
ative offset equal to X′d/2. The Zone 2 should have a delay in operation
because when a fault occurs in the transmission line the calcu-
lated impedance by LOE relay temporarily enters this zone and it
should not respond to this temporary fault. In general, a short time
delay around 0.2–0.5 second is still used in most of industry ap-
plications for Zone 2, which could avoid possible mis-operation due
to short term power swing condition.
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Majority of LOE protection studies seek a proﬁcient way to in-
crease the speed of relay response. In a paper [17], the operation
time of relay is reduced to 0.5 s, using fuzzy logic. Investigations
in Reference 18 showed the LOE protection in isolated systems with
induction motor. In this paper it is shown that in some circum-
stances after the occurrence of LOE, the relay doesn’t detect LOE.
In Reference 19, a new method has been introduced for LOE pro-
tection. In this method, an element of reactive power measurement
is added as a peripheral system to the LOE relay with correspond-
ing protection zone 2. The synchronous generator output reactive
power is also measured to increase the response speed of the relay.
In Reference 20, it is shown that in a large power system, the LOE
in such generator is more dangerous for stability of power system.
Load ﬂow is utilized for that purpose in this paper. In Reference 20,
it is shown that LOE is accompanied by generator voltage drop, and
using load power ﬂow results, it is shown the LOE in such gener-
ator results to voltage collapse in power system.
3. Modeling of LOE relay
The basis of LOE relay is identical to mho distance relay. Both
of them detect the fault by measuring the impedance. Thus, their
main components are the same, too. The performance of LOE relay
is as follows.
At the ﬁrst step, outputs of the CT and the VT connected to the
generator terminal are sampled after passing through low pass ﬁlters.
The obtained samples are converted into the voltage and current
phasor using phasor unit. In phasor unit, Full Cycle Discrete Fourier
Transform (FCDFT) method combined with mimic ﬁlter is used.
Finally, the output impedance of relay is obtained from Z = V/I that
is an imaginary value.
To verify modeling of LOE relay the studied system in Refer-
ence 15 is used (example 13.7). There are four 555MVA generators
in this system, each of which contains excitation system and Power
System Stabilizer (PSS). Ancillary information to this system is given
in Reference 15. Supposing LOE at t = 1 s in the equivalent gener-
ator, output voltage, active and reactive power of generator are shown
in Fig. 2(a). According to the results, loss of excitation and conse-
quently absorbing reactive power by the generator dramatically
reduces the generator voltage. The measured impedance by the LOE
relay is shown in Fig. 2(b). The ﬁgure shows that the calculated im-
pedance by the relay enters the Zone 1 at t = 3.304 s, and the relay
detects the loss of excitation after 2.204 s.
4. Investigation and modeling of UPFC
The single-line diagram of the system which is used for the in-
vestigations is shown in Fig. 3. In this ﬁgure, the UPFC is connected
to the middle of the line. In this study UPFC is implemented to
control the power ﬂow in a 500 kV transmission system. The system
consists of two 13.8 kV/500 kV transformer banks T1 and T2 and
ﬁve buses interconnected through three transmission lines. The UPFC
consists of two 100 MVA, IGBT-based converters (one shunt con-
verter (STATCOM) and one series converter (SSSC) interconnected
through a DC bus). The UPFC contains 48-pulses converters. It con-
sists of four 3-phase, 3-level inverters and four phase-shifting
transformers. The four voltages generated by the inverters are applied
to secondary windings of four zig-zag phase-shifting transform-
ers connected inWye (Y) or Delta (D). The four transformer primary
windings are connected in series to the transmission line. The series
converter can inject a maximum of 10% of nominal line-to-ground
voltage in series with line.
The controller of UPFC is shown in Fig. 4. This controller con-
sists of two main parts. The ﬁrst (a) controls the series part (SSSC)
(a)
(b)
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Fig. 1. Equivalent system for studying LOE protection (a), and operational charac-
teristic of LOE relay (b).
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and the second (b) controls the shunt part (STATCOM). Two types
of controller can be implemented in series part. The ﬁrst type con-
trols the magnitude and phase angle of output voltage and in the
second type, the reference active and reactive power is applied using
an auxiliary controller (operator). In this paper the second type is
used to UPFC controlling. More explanation about UPFC controllers
can be studied in References 21–23. Also limiters are used to main-
tain the output voltage and current of converters in predeﬁned limits.
This part is used in practical applications and has not been con-
sidered in most literature; therefore, it leads to an unlimited
output of UPFC and its effect on the power system also becomes
unreal.
SSSC
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L2
L4
Load 1 Load 2 Load 3
LOE
L3
VB2 VB3
VG1 & PG1
CmCp
ISSSC
B4B1
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Fig. 3. Sample system with UPFC.
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5. Impact of UPFC on the LOE protection
The single-line diagram of the system which is used for the in-
vestigations is shown in Fig. 3. The LOE is applied at t = 10 s to the
generator (G1). The transfer active power measured in B3 and the
reference signal of UPFC (Pref) are shown in Fig. 5(a). As shown in
this ﬁgure, by changing the Pref at t = 5 s, the transfer power in trans-
mission line follows the Pref consequently. Fig. 5(b) shows the injected
voltage by series converter (SSSC). According to the ﬁgure, by in-
creasing Pref, the output voltage of UPFC increases to increase the
transfer power in transmission line. After loss of excitation, the
output voltage of SSSC is increased to its maximum value (0.2 p.u.)
to prevent further loss of transmitted power. The output voltage of
G1 is shown in Fig. 6(a). In Fig. 6(a), the presence of UPFC reduces
the speed of voltage drop and causes delay in relay performance.
This time delay damages the generator armature windings. Fig. 6(b)
shows the armature winding current. It can be seen from Fig. 6(b)
that assuming the LOE, the presence of UPFC causes the generator
(G1) armature current to be overloaded for a longer time, and this
will gradually cause damage to the armature winding. The calcu-
lated impedance by relay is shown in Fig. 7. As seen in Fig. 7, UPFC
changes the trajectory of measured impedance. As a consequence
of this change the entrance time of the impedance to the ﬁrst zone
changes from 11.58 s for the systemwithout UPFC to 12.27 s for the
system with UPFC. Zone 1 is an instantaneous zone which sends a
trip signal to the controlling system immediately without any delay.
In other words, the UPFC causes 12.27 − 11.58 = 0.69 s delay in the
response of the relay.
UPFC can operate under other operationmodes, too. One of these
operation modes is that the series and shunt convertors operate in-
dependently. Results of study for this mode are presented in Fig. 8(a).
As seen in this ﬁgure, although the presence of STATCOM and SSSC
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has caused a delay in the response of the relay, the impedance tra-
jectory of this mode is similar to the condition at which the UPFC
is not connected to the system. The delays due to STATCOM and SSSC
are 0.24 s and 0.45 s, respectively. A comparison of the results show
that the UPFC under complete operationmode hasmore severe effect
(delay) on the system rather than the mode at which STATCOM and
SSSC operate independently. The main reason for this issue is that
in the complete operation mode of the UPFC, the series conver-
tors can inject active power to the power system and, consequently,
it changes the voltage and current signal drastically. Also, a com-
parison of the results of study for STATCOM and SSSC shows that
the SSSC causes more delay than the STATCOM because in this op-
eration mode the SSSC injects the voltage; when LOE occurs, the
generator output voltage drops, which consequently causes the
system voltage to drop. Therefore, the SSSC tries to compensate the
voltage drop by injecting reactive power which directly produces
a delay in the relay response.
Table 1 shows the delay for different operationmodes of the UPFC
and different generator output powers. As seen in Table 1, for all
the output powers, the maximum delay occurs when the UPFC is
connected to the system. The maximum delay is for 0.4 p.u. active
power and 1.0 p.u. output voltage of generator. The following ob-
servations can be made from the results given in Table 1:
(1) With a ﬁxed output voltage of generator, decreasing the output
active power of generator increases the LOE relay operation
time.
(2) With a ﬁxed output active power of generator, the variation
of output voltage has no effect on the delaying time of relay.
Also, the impact of transmission line parameters and UPFC rating
power on relaying delay time is investigated. The following obser-
vations can be made from the results:
(1) In all of operation conditions, the relaying delay time in-
creases with UPFC rating power increasing.
(2) In all of operation conditions, with decreasing the transmis-
sion line impedance the relaying delay time decreases.
There have been conditions at which the LOE of the generator
is not complete. In other words, the voltage of the generator does
not vanish; for instance, it reduces to 10% of its nominal value. The
results of Table 1 are obtained while a complete LOE occurred
(Ef = 0 p.u.). Then, it is assumed that the amount of excitation voltage
is Ef = 0.1 p.u. and it is not completely short circuited; the calcu-
lated impedance by LOE relay is shown in Fig. 8(b). According to
Fig. 8(b), in this case, the amount of delay is 2.12 s (13.79–11.67)
and that is remarkable compared to the results of Table 1. Also the
armature winding overloaded duration is increased.
It is important to mention that the delay increases as the gen-
erator output active power reduces. Also, as seen in Fig. 8(b), for
partial LOE the UPFC has more severe effect. Now, when the gen-
erator output active power is low enough and partial LOE occurs,
the UPFC causes the relay to under-reach. In other words, the pres-
ence of the UPFC causes LOE relay to be under-reached. For example,
the results for Ef = 0.2 p.u., PG1 = 0.5 p.u. and VG1 = 1.0 are shown in
(a)
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Table 1
Performance of LOE relay with the presence of UPFC/SSSC/STATCOM.
1.02 p.u. 1.0 p.u. 0.98 p.u. Generator terminal voltage
1.0 p.u. 0.7 p.u. 0.4 p.u. 1.0 p.u. 0.7 p.u. 0.4 p.u. 1.0 p.u. 0.7 p.u. 0.4 p.u. Generator output active power
0.61 s 0.82 s 1.82 s 0.69 0.92 s 2.17 s 0.62 s 0.94 s 1.93 s Delay time (Sec) with UPFC
0.53 s 0.70 s 1.64 s 0.53 s 0.78 s 1.98 s 0.49 s 0.81 s 1.78 s Delay time (Sec) with SSSC
0.43 s 0.61 s 1.24 s 0.45 s 0.73 s 1.46 s 0.39 s 0.76 s 1.57 s Delay time (Sec) with
STATCOM
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Fig. 9. As seen in Fig. 9, the relay does not detect the LOE, 90 seconds
after loss of excitation. Results show that when the generator’s output
active power is less than 0.5 p.u. and also Ef is between 0.1 and
1.0 p.u., the relay experiences under-reach. The amount of gener-
ator’s voltage considered is 1.0 p.u. in these analysis. For smaller
amounts of voltage, the Ef area decreases. For example, when
PG1 = 0.5 p.u. then VG1 = 0.98 p.u., the relay experiences under-
reach when Ef is between 0.16 and 1.0 p.u.
6. Mitigation impact of UPFC on the LOE protection
Different methods of reducing relay operation delay are sug-
gested as follows:
(1) Using a neural network algorithm to develop a logical rela-
tionship between the output reactive and active powers of
UPFC and the delay to control the relay.
(2) The impedance path calculated by relay can be expressed in
terms of active and reactive power. This method can develop
a relationship between two diagrams regarding the follow-
ing equations (according to Fig. 1) [15]:
R
P V
P Q
R
=
× ( )
+
2
2 2
(9)
X
Q V
P Q
R
=
× ( )
+
2
2 2
(10)
While the UPFC has not been added to the power network, values
of P and Q will be identical to the output active (PG) and reactive
power (QG) of the generator, respectively. Therefore, adding FACTS
device to the transmission line reduces output powers of the gen-
erator. In other words some parts of the output powers used by the
network are produced by the FACTS devices. From the viewpoint
of power it can be notiﬁed that the FACTS devices manipulate the
LOE protection operation by changing the power balance. Now,
knowing the reactive/active power of FACTS devices and adding it
to the generator reactive/active power, one can eliminate or at least
reduce the FACTS devices effects on the LOE protection. In other
words, to calculate the impedance, Equations (9) and (10) can be
used where P = PG + PUPFC and Q = QG + QUPFC, where PG, QG = genera-
tor output active and reactive power and PUPFC, QUPFC = UPFC output
active and reactive power, respectively. Considering this method,
the results of simulation for the maximum delay of Table 1
(PG1 = 0.8 p.u. then VG1 = 1.0 p.u) are shown in Fig. 10. Regarding the
results shown in the ﬁgure it is seen that the delay has reduced to
0.21 s from the initial value of 1.16 s.
The results are presented in Fig. 10 that accompanies the time
at which the impedance enters the zones. Comparing the results
shows that when the UPFC is not connected to the system, the im-
pedance enters zone 2 at t = 12.61 s while the presence of the UPFC
causes the relay not to operate even after 100 s (this result is shown
in Fig. 9). Using the controlling signals in the adaptive method, the
relay detects the fault in the presence of the UPFC at t = 12.83 s. In
other words, the adaptive method only causes 12.83 − 12.61 = 0.22 s
delay in the relay operation andmakes it capable to detect the faults
either in or without the presence of the UPFC. Sacriﬁcing this little
delay and extricating the relay from under-reach condition is ra-
tional and feasible.
The agility of protection relays response has been always a very
important issue so thus a great deal of effort has been dedicated
to improve them even by 0.1 s. For instance, in Reference 17, the
fuzzy method is used to improve the LOE relays response by 0.5s.
The results of the current study shows the importance of the subject
since the presence of FACTS devices causes a substantial amount
of delay in the LOE relays response which opposes the desired con-
dition presented in Reference 17. Showing the delay caused in the
LOE relay response is not the most important issue presented in the
current study. But the most important issue is to show the condi-
tion at which the UPFC spoils the LOE relay operation by under-
reaching it. Although the lack of correct response of the LOE relay
does not hurt the generator directly, it makes the detection of the
faults in the protection relays impossible. In fact, when the LOE relay
under-reaches, the other protection relays cannot detect the LOE
fault as well.
7. Conclusion
In this paper the impact of UPFC on LOE protection relay per-
formance has been investigated. The results show that the presence
of UPFC leads to LOE relay time delay. The amount of delaying time
depends on generator output power ratings, the capacity of con-
verters and the LOE percentage. With decreasing the output power
of generator, the presence of UPFC causes further delay time in relay
operation. Also, with increasing the UPFC rating power, the relay
delay time is increasing. The result showswhen the excitation voltage
short circuit is not complete, the presence of UPFC prevents the LOE
relay operation. On the other hand, in such condition, the relay ex-
periences under-reach. Since the LOE causes the great increase of
armature current, it is essential that the LOE relay operates very fast.
In this paper, only one of the FACTS devices effect on the LOE
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protection was studied. Since there are many other FACTS devices
such as thyristor controlled series capacitor (TCSC) and braking re-
sistor (BR), it will be necessary to investigate these devices’ effects
on the operation of different types of protections of synchronous
generators like LOE. Themethodwhich is used to eliminate the UPFC
effects on the LOE relays is concisely presented as a section in the
paper. According to the results presented in this section, it is seen
that the new method suﬃciently decreases the delays. Precise dis-
cussion about this method accompanied with different operation
modes can be another interesting topic for future works. Also, this
method can be accompanied with PMUs when the FACTS devices
are far from the generator. In fact, remote signals are used to trans-
mit the PMUs to the relay location or controlling center.
Appendix
A list of some sample system parameters are given in Table A1.
References
[1] M. Khederzadeh, T. Sidhu, Impact of TCSC on the protection of transmission
lines, IEEE Trans. Power Del. 21 (1) (2006) 80–87.
[2] L. Shenghu, Power ﬂow control effect with TCSC on operation margin of zone
3 impedance relay, Int. J. Elec. Power Energ. Syst. 32 (9) (2010) 998–1004.
[3] A. Ghorbani, B. Mozafari, A.M. Ranjbar, Digital distance protection of
transmission lines in the presence of SSSC, Int. J. Elec. Power Energ. Syst. 43
(1) (2012) 712–719.
[4] K. El-Arroudi, G. Joos, D.T. McGillis, Operation of impedance protection relays
with the STATCOM, IEEE Trans. Power Del. 17 (2) (2002) 381–387.
[5] F.A. Albasri, T.S. Sidhu, R.K. Varma, Performance comparison of distance
protection schemes for shunt-FACTS compensated transmission lines, IEEE Trans.
Power Del. 22 (4) (2007) 2116–2125.
[6] M. Khederzadeh, A. Ghorbani, STATCOM modeling impacts on performance
evaluation of distance protection of transmission lines, Eur. Trans. Elec. Power
21 (8) (2011) 2063–2079.
[7] X. Zhou, H. Wang, R.K. Aggarwal, P. Beaumont, Performance evaluation of a
distance relay as applied to a transmission systemwith UPFC, IEEE Trans. Power
Del. 21 (3) (2006) 1137–1147.
[8] M. Khederzadeh, A. Ghorbani, Impact of VSC-based multiline FACTS controllers
on distance protection of transmission lines, IEEE Trans. Power Del. 27 (1) (2012)
32–39.
[9] S.R. Samantaray, A data-mining model for protection of FACTS-based
transmission line, IEEE Trans. Power Del. 28 (2) (2013) 612–618.
[10] M. Elsamahy, S.O. Faried, T. Sidhu, Impact of midpoint STATCOM on generator
loss of excitation protection, IEEE Trans. Power Del. 29 (2) (2014) 724–732.
[11] A. Ghorbani, B. Mozafari, S. Soleymani, A.M. Ranjbar, Operation of synchronous
generator LOE protection in the presence of shunt-FACTS, Elec. Power Syst. Res.
119 (2015) 178–186.
[12] A. Ghorbani, H.M. Lima, A. Azadru, B. Mozafari, Impact of ﬁxed series capacitors
and SSSC on the LOE protection of synchronous generator, J. Electr. Eng. Technol.
10 (4) (2015) 709–715.
[13] H. Yaghobi, Impact of static synchronous compensator on ﬂux-based
synchronous generator loss of excitation protection, IET Gener. Transm. Distrb.
9 (9) (2015) 874–883.
[14] A. Ghorbani, S. Soleymani, B. Mozafari, A PMU-based LOE protection of
synchronous generator in the presence of GIPFC, IEEE Trans. Power Del. (2015)
doi:10.1109/TPWRD.2015.2440314.
[15] P. Kundur, Power System Stability and Control, McGraw-Hill, New York, 1994.
[16] J. Berdy, Loss of excitation protection for modern synchronous generators, IEEE
Trans. Power Appl. Syst. PAS-94 (5) (1975) 1457–1463.
[17] A.P. de Morais, G. Cardoso, L. Mariotto, An innovative loss-of-excitation
protection based on the fuzzy inference mechanism, IEEE Trans. Power Del. 5
(4) (2010) 2197–2204.
[18] C.R. St Pierre, Loss-of-excitation protection for synchronous generators on
isolated systems, IEEE Trans. Indust. Appl. IA21 (1985) 81–98.
[19] M.H.M. Usta, M. Bayrak, M.A. Redfern, A new relaying algorithm to detect loss
of excitation of synchronous generators, Turk. J. Elec. Engin. 15 (2007) 339–349.
[20] G.H. Darron, J.L. Koepﬁnger, J.R. Mather, P.A. Rusche, The inﬂuence of generator
loss of excitation on bulk power system reliability, IEEE Trans. Power Appl. Syst.
PAS-94 (5) (1975) 1473–1483.
[21] N.G. Hingorani, L. Gyugyi, Understanding FACTS: Concepts and Technology of
Flexible AC Transmission Systems, IEEE Press, Piscataway, NJ, 2000.
[22] M.S. El-Moursi, A.M. Sharaf, Novel controllers for the 48-pulse VSC STATCOM
and SSSC for voltage regulation and reactive power compensation, IEEE Trans.
Power Syst. 20 (4) (2005) 1985–1997.
[23] A.J.F. Ken, Uniﬁed power ﬂow controller (UPFC): modeling and analysis, IEEE
Trans. Power Del. 14 (2) (1999) 648–654.
Table A1
Power system parameters.
Component Parameters
Generators SG1 = 2100 MVA, SG2 = 1400 MVA, VG1 = VG2 = 13.8 kV
Xd = 1.305, X′d = 0.296, X″d = 0.252 (p.u.)
Xq = 0.474, X″q = 0.243, Xl = 0.18 (p.u.)
T’d = 1.01, T″d = 0.053, T″qo =0.1 (s)
Rs = 2.5844e-3 (p.u.), H = 3.7 (s), F = 60 (Hz)
Transformers ST1 = 2100 MVA, ST2 = 1400 MVA, 13.8/500 kV
R1 = 0.002, L1 = 0, R2 = 0.002, L2 = 0.12 (p.u.)
Rm = Lm = 500 p.u.
D1/Yg winding connection
Distributed
Transmission
Lines
L1 = 300 km, L2 = L3 = 140 km, L4 = 50 km
R1 = 0.0255 ohm/km, R0 = 0.3864 ohm/km
L1 = 0.9337e-3 ohm/km, L0 = 4.1264e-3 ohm/km
C1 = 2.74e-9 ohm/km, C0 = 7.751e-9 ohm/km
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